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Optimizing impulsive X-ray Raman scattering for population transfer in atomic
systems
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Impulsive X-ray Raman excitations of Lithium, Neon, and Sodium are calculated using the Multi-
configuration Time-Dependent Hartree-Fock method. Using linearly polarized laser pulses without
chirp, we determine the optimum central frequency, intensity, and duration for maximum popula-
tion transfer to valence excited states. We demonstrate the existence of two local optima or “sweet
spots” for population transfer, either of which, depending on the system, may be superior. For some
systems we find that population transfer can be maximized by nonresonant Raman transitions, red-
detuned below K-edge, because such detuning minimizes core-excited populations and ionization
loss. For instance, in Neon near the K-edge the global optimum for population transfer occurs at
high intensity (8 × 1019 W cm−2), short duration (82as full-width-at-half-maximum), and 24eV
red-detuned from the K-edge.
PACS numbers: 32.30.Rj 32.80.Aa 42.65.Dr
I. INTRODUCTION
The advent of high intensity broad bandwidth x-ray
sources has driven the extension of non-linear spectro-
scopic techniques, developed for infrared and visible
wavelengths, into the x-ray regime. For example, stimu-
lated x-ray Raman scattering (SXRS) has been suggested
as a technique to prepare and probe coherent superpo-
sitions of valence excited electronic states [1–4]. Despite
these suggestions, there have been few calculations of
population transfer with broad bandwidth x-ray pulses
beyond perturbative models. To this end, we have ap-
plied our implementation of Multiconfiguration Time-
dependent Hartree-Fock (MCTDHF) [5–7] to predict va-
lence excited state population transfer resulting from im-
pulsive SXRS in atomic Lithium, Neon, and Sodium.
We have tried to maximize the population transfer to
particular valence excited states in these atoms. The
maximum population transfer is shown to be obtained
at intensities much higher than that at which 2nd or-
der perturbation theory is valid. Higher-order effects, in
particular AC stark shifts, substantially modify the re-
sult that would be predicted from 2nd order perturbation
theory.
In general, we find two “sweet spots” for population
transfer to valence excited states. These are different lo-
cal maxima for population transfer as a function of cen-
tral frequency, intensity, and duration (bandwidth) of the
pulse. We consider linearly polarized fields without chirp
only for this study.
The first sweet spot, or local maximum for popula-
tion transfer, is that which has been studied by previ-
ous authors [8]. For a single discrete transition driving
the impulsive Raman process near this local optimum,
the central frequency is such that the pump and Stokes
transitions are red- and blue-detuned, respectively. We
find well-defined local maxima for population transfer in
these three systems near the K-edge, at this conventional-
wisdom sweet spot. However, in contrast to prior studies
we show that continuum oscillator strength is generally
important for driving the transition near this optimum,
and in none of the cases studied here does a simple 3-state
model seem to suffice even at 2nd order.
The second sweet spot often appears and is found here
to be dominant in transferring population in the Neon
atom. This sweet spot occurs at shorter durations, higher
intensities (greater than 1017 W cm−2) and well red-
detuned from the K-edge and any of the near-edge fine
structure.
The mechanism behind this red-detuned, higher-
intensity, shorter-duration sweet spot would appear to
be nonresonant Raman via the coherent combination of
K-edge continuum and near-edge fine structure. As the
duration of the pulse decreases the contribution of the
near-edge fine structure is lessened and the Raman tran-
sition becomes entirely driven by the continuum oscilla-
tor strength. The red detuning makes the transition non-
resonant, and the magnitude of the Raman wave func-
tion (the first-order wave function, corresponding to the
core excited intermediate state) is minimized. Transi-
tions down from the core-excited intermediates to the
desired valence states are preferred, whereas the absorp-
tion of an additional photon is suppressed by the red
detuning.
II. MCTDHF CALCULATION OF IMPULSIVE
RAMAN IN ATOMS
Our implementation [9] of MCTDHF for elec-
trons in molecules has already been described [5–7]
Briefly, the MCTDHF method solves the time-dependent
Schrodinger equation using a time-dependent linear com-
bination of Slater determinants, in which the Slater de-
terminants are comprised of time-dependent orbitals.
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FIG. 1. (Color online) Photoabsorption cross section and the
Thomas-Kuhn sum rule for the lithium atom.
The working equations are obtained through application
of the Lagrangian variational principle [10, 11] to this
wave function ansatz.
We employ a pulse in the dipole approximation with
central frequency ω and duration pi/Ω as follows. In the
velocity gauge we define the vector potential
Az(t) = sin
2(Ωt) sin
(
ω
[
t− pi
2Ω
])
(0 ≤ t ≤ pi
Ω
) (1)
In the length gauge we employ the electric field Ez(t) =
∂
∂t
Az(t). The results are gauge-independent on the scale
of the figures presented here. For such a pulse, the
full width at half-maximum (FWHM) of Ez(t) multi-
plied by the FWHM of its squared Fourier transform
|Ez(ω)|2 is 3.25eV-femtoseconds, compared with 2.67eV-
femtoseconds for a transform-limited (Gaussian) pulse.
We quote the FWHM of the envelope of the laser pulse as
a function of time, and the FWHM of its squared Fourier
transform (spectral density), in energy or frequency. Our
1fs FWHM pulse, with full duration 2fs, has a FWHM of
3.25eV; our 500as FWHM pulse has FWHM 6.5eV; etc.
III. LITHIUM RESULTS
The results we have calculated for the Lithium atom
indicate that for this species, population transfer via im-
pulsive Raman transitions is best driven through discrete
transitions, in agreement with the conventional wisdom.
Lithium calculations are performed with 15 orbitals,
including the 1s and 2s orbitals that are doubly and
singly occupied in the Hartree-Fock configuration, ad-
ditionally with two s, two p shells, and one d shell of
orbitals that mostly describe correlation between the 1s
orbitals in the initial state. Once the pulse is applied
the symmetry labels are no longer valid but the orbitals
retain their projection of angular momentum on the z
axis. The photoabsorption cross section calculated for
the Lithium atom using a 50 femtosecond wave function
propagation and a very weak (10−11 W cm−2) broadband
pulse is shown in Fig. 1. The lower panel shows the re-
gion near the 1s edge. The two states with configuration
1s12s2p are not distinguished in this result, which was
obtained after 50fs propagation. They appear as a sin-
gle peak at about 60eV (2.2 Hartree). Their combined
oscillator strength can be seen to be about 0.34.
However, despite the large oscillator strength carried
by these 1s → 2p transitions, it is clear that the popu-
lation transfer driven by impulsive X-ray Raman excita-
tion involves more than just these transitions. Results for
population transfer to 3s and 3d are shown in Fig. 2. On
the left-hand side of the figures we can see the second-
order behavior at lower intensity. The maximum with
respect to central frequency at low intensity is seen to
be about 2.3 Hartree in these figures. The transition en-
ergy of 2.3 Hartree lies in-between the strong 1s → 2p
transition at 2.2 Hartree, and the remaining oscillator
strength including the 1s → 3p transition at about 2.4
Hartree and the apparent edge at 2.45 Hartree, as seen
in Fig. 1. The optimum central frequency of 2.3 Hartree
implies that the optimum population transfer at low in-
tensity is driven by a linear combination of the Rydberg
excitations, and also possibly the 1s continuum.
Furthermore, it is clear that higher-order effects are
important for describing the optimum population trans-
fer in the lithium atom. In a three-state model, as-
suming a transform-limited pulse, at constant fluence,
second-order perturbation theory predicts that the op-
timum population transfer occurs when the full width
at half maximum (FWHM) of the spectral intensity is
approximately 118% (
√
2 log 2 = 1.17741) of the transi-
tion frequency. The experimental value for the transition
energy 2s → 3s is 3.37eV [12]. From second-order per-
turbation theory we expect optimum population transfer
with a pulse having 3.97eV FWHM.
However, the optimum population transfer occurs for
pulses with a significantly longer duration and smaller
bandwidth. The optimum apparent in the results in
Fig. 2 occurs at central frequency about 2.22 Hartree,
intensity about 3× 1016 W cm−2, for the pulse with
FWHM 2fs or 1.625eV, a much longer duration or smaller
bandwidth than would be expected. The simplest expla-
nation seems to be an AC stark shift of the transition
energy, a second-order effect on its own, suggesting that
this behavior might be reproduced at overall fourth or-
der. We will pursue further analysis of the impulsive
Raman excitation in Lithium in subsequent work.
IV. SODIUM K-EDGE RESULTS
Our results on Sodium indicate that both near-edge op-
timum for population transfer, and also the red-detuned,
high-intensity local optimum may provide good popu-
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FIG. 2. (Color online) Populations of Lithium 3s and 3d final states.
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FIG. 3. (Color online) Photoabsorption cross section of
Sodium calculated in the vicinity of the 1s edge.
lation transfer in Sodium near the 1s K-edge. We find
that optimum population transfer is driven by continuum
transitions for both local optima.
We calculate wave functions for Sodium using 10 or-
bitals. In the initial state these orbitals are the six
Hartree-Fock orbitals, plus an additional s and p shell
which mostly describe correlation within the doubly oc-
cupied n=1 and n=2 shells. The photoabsorption cross
section is shown in Fig. 3. The prominent 1s → 3p ex-
citation occurs at 40.2 Hartree or 1094eV, and the sub-
sequent members of this Rydberg series converge to the
1s K-edge which is apparent at about 40.45 Hartree or
1102eV.
The populations obtained for the 4s state in Sodium
are shown in Fig. 4. These results for population trans-
fer clearly demonstrate the existence of two local max-
ima, two sweet spots. The conventional-wisdom sweet-
spot occurs around 1018 W cm−2 at energies near and
above the 1s K-edge. The red-detuned sweet spot oc-
curs around 1019 to 1020 W cm−2, about one hartree
(27.2114eV) below the K-edge. In terms of fluence, the
red-detuned sweet spot occurs reliably at about 10,000
J cm−2 regardless of duration. Structure corresponding
to the discrete transitions is only clearly apparent at the
longest duration, 1fs/3.25eV FWHM. The 500as/6.5eV
FWHM results show little evidence of discrete transitions
and the shorter-duration results show none.
By fitting the results to a quadratic function of fluence
and bandwidth, we obtain the following positions and
magnitudes for the two sweet spots for population trans-
fer via impulsive Raman transitions near the 1s edge in
Sodium. These fits are approximate given the large spac-
ing of the data points that we have computed, and the
somewhat-arbitrary selection of a few points near the ap-
parent maximum. The conventional-wisdom sweet spot
is found to occur at about 8eV FWHM (406as FWHM) at
40.55 Hartree (1103.4eV), very near the actual edge, in-
tensity 1.8 × 1018 W cm−2, with a maximum population
transfer of 4.2%. We note that this conventional-wisdom
sweet spot is clearly extended and good population trans-
fer may be obtained just below 40 Hartree, extending
above 41 Hartree. The large extent of this sweet spot
indicates that it is driven by the K-edge continuum os-
cillator strength, not discrete transitions.
By fitting the results that we have computed, the red-
detuned sweet spot is found to occur at 14.2eV FWHM
(228as FWHM), 39.3 Hartree (1069.4eV), intensity 6.2 ×
1019 W cm−2, with population transfer of 2.8%.
In summary, for Sodium K-edge, we find 4.2% popu-
lation transfer for the conventional-wisdom sweet spot,
and 2.8% population transfer via the red-detuned sweet
spot. The conventional-wisdom sweet spot is dominant,
but both sweet spots provide good population transfer of
a similar magnitude.
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FIG. 4. (Color online) Populations calculated for the 4s state
in Sodium.
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FIG. 5. (Color online) Photoabsorption cross section of Neon
calculated in the vicinity of the 1s edge.
V. NEON K-EDGE RESULTS
For impulsive Raman transitions in Neon near the 1s
K-edge, we find that the red-detuned sweet spot is dom-
inant for population transfer via impulsive Raman. The
results on Sodium indicated that the red-detuned sweet
spot occurs at shorter duration, larger bandwidth. Since
the valence excitation energies in Neon are greater than
they are in Sodium, the population transfer occurs with
shorter-duration pulses, and we speculate that short du-
ration pulses and high excitation energies favor the red-
detuned sweet spot in general.
We calculate wave functions of Neon using 14 orbitals,
the n=1 and 2 shells that are occupied in the Hartree-
Fock configuration plus an additional n=3 shell for cor-
relation. The photoabsorption cross section is shown in
Fig. 5. The 1s → np Rydberg is apparent including
the 1s → 2p excitation at about 885eV or 32.5 Hartree.
It converges to the 1s K-edge at about 892eV or 32.75
Hartree.
The excitation energies of Neon are large due to its
closed-shell structure. The first excitation energy of Neon
is approximately 16.7eV [12], and so we would expect a
pulse with FWHM 16.7 × 118% = 19.6eV to be optimal.
We find that the population transfer is dominated by
transitions to the 2p−13p D state, with population trans-
fer to other states about an order of magnitude lower in
magnitude.
For much smaller bandwidths and longer durations,
we calculate population transfer to this D state that
clearly indicates the presence of the two sweet spots.
In the top two panels of Fig. 6, at 500as/6.5eV FWHM
and 250as/13eV FWHM, the two sweet spots are clearly
visible. The conventional-wisdom sweet spot occurs
as expected around 32.4 Hartree in the top panel at
500as/6.5eV FWHM, but it shrinks in size and is over-
whelmed by the red-detuned sweet spots which becomes
dominant in the lower figures at shorter duration.
By fitting the results in Fig. 6 to a quadratic function of
bandwidth and fluence, we find that the global optimum
for population transfer to the 2p−13p D state in Neon
via impulsive Raman near the 1s K-edge of occurs at ap-
proximately 82as FWHM (39.6eV FWHM), 31.9 Hartree
(868eV) central frequency, and 8 × 1019 W cm−2 in-
tensity. Optimum population transfer is obtained with
shorter pulses than would be expected.
In summary, for impulsive Raman transitions in Neon
we find that the red-detuned sweet spot is strongly dom-
inant and that the optimum population transfer occurs
for pulses even shorter (with even greater bandwidth)
than would be expected. Very little population transfer
is obtained via the near-edge fine structure below K-edge,
in the conventional-wisdom sweet spot.
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FIG. 6. (Color online) Populations calculated for the 2p−13p
D state in Neon.
VI. CONCLUSION
For impulsive X-ray Raman excitation of valence states
of atoms and molecules, is commonly assumed [4, 8] that
transitions via discrete states are most effective in driving
the process, and that that significant population transfer
may be driven at second order in the field intensity. How-
ever, the results presented here demonstrate that higher-
order behavior must be accounted for to describe popula-
tion transfer at high intensity. We find that higher-order
behavior may lead to optimum population transfer either
at much longer duration, as it does for Lithium via the
conventional-wisdom, near-edge sweet spot, or at much
shorter duration, as it does for Neon via the red-detuned
sweet spot, than expected from second-order perturba-
tion theory. In figure work we will consider the merits
of using either the conventional-wisdom, near-edge sweet
spot, or the red-detuned, high-intensity sweet spot iden-
tified in this work, for applications in multidimensional
X-ray spectroscopy [4].
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